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Summary
In Drosophila males, homologous chromosomes seg-
regate by an unusual process involving physical con-
nections not dependent on recombination. We have
identified two meiotic proteins specifically required
for this process. Stromalin in Meiosis (SNM) is a diver-
gent member of the SCC3/SA/STAG family of cohesin
proteins, and Modifier of Mdg4 in Meiosis (MNM) is
one of many BTB-domain proteins expressed from
the mod(mdg4) locus. SNM and MNM colocalize along
with a repetitive rDNA sequence known to function as
an X-Y pairing site to nucleolar foci during meiotic
prophase and to a compact structure associated with
the X-Y bivalent during prometaphase I and meta-
phase I. Additionally, MNM localizes to autosomal foci
throughout meiosis I. These proteins are mutually de-
pendent for their colocalization, and at least MNM re-
quires the function of teflon, another meiotic gene.
SNM and MNM do not colocalize with SMC1, suggest-
ing that the homolog conjunction mechanism is inde-
pendent of cohesin.
Introduction
Accurate segregation of chromosomes during meiosis
is an obligate step in sexual reproduction. Errors in mei-
otic segregation, such as nondisjunction (NDJ) or chro-
mosome loss, are major causes of spontaneous abor-
tion, genetic illness, and infertility in humans (Hassold
and Hunt, 2001).
Homologs segregate from one another at the first
meiotic division via a multistep pathway that initiates
with their alignment and close pairing (Roeder, 1997;
Page and Hawley, 2003; McKee, 2004). In most organ-
isms, intimate pairing is accompanied by high fre-
quencies of homologous recombination and stabilized*Correspondence: bdmckee@utk.eduby a complex structure known as synaptonemal com-
plex (SC) (Heyting, 1996). However, intimate homolog
pairing is lost and the SC is disassembled at midpro-
phase I long before homologs segregate. From then un-
til segregation at anaphase I (Ana I), homologs are con-
nected at discrete sites called chiasmata, which mark
the sites where two homologous chromatids have
crossed over (Carpenter, 1994). Chiasmata function as
homolog connectors only because each recombined
chromatid is connected by cohesins to two different sis-
ters, one from each homolog (Petronczki et al., 2003).
Homolog pairing is a virtually universal feature of
meiosis, but crossing over, synapsis, and chiasmata are
not. Alternative meiotic pathways that accomplish ho-
molog segregation without crossing over or chiasmata
have been described in numerous organisms, including
some large taxonomic groups such as Lepidopteran fe-
males and Dipteran males (Wolf, 1994). Bombyx mori
females undergo synapsis normally, but instead of dis-
assembling at midprophase, the SC undergoes a modi-
fication that permits it to remain associated with the
bivalents until Ana I (Rasmussen, 1977), presumably
functioning as a substitute for chiasmata.
However, in the best-documented example of “achi-
asmate” meiosis, that of Drosophila males, no SC is
formed (Meyer, 1960) and the mechanical basis for ho-
molog segregation is unknown. Prior to the meiotic di-
visions, spermatocytes undergo a lengthy G2/prophase
I during which they increase 25-fold in volume. The
chromosomes are uncondensed through this period
and lack visible axes or other distinctive morphological
features. However, three distinct chromatin masses,
presumably corresponding to the three major bivalents
(X-Y, 2nd, and 3rd), are apparent by mid-G2 and form
distinct territories associated with the inside of the
nuclear membrane G2 throughout late G2 (Cenci et al.,
1994). Recently, GFP-LacI tagging of chromosomally
inserted lacO arrays revealed that homologous loci
within the euchromatin are tightly paired throughout
early G2 but that intimate pairing is lost in mid-G2
shortly after the chromosome pairs resolve into sepa-
rate nuclear domains (Vazquez et al., 2002).
Distinct chromosomes appear only at the onset of
condensation just prior to prometaphase I (PM I). In
DAPI-stained preparations, they appear as compact
masses in which neither the individual homologs nor
any obvious connecting structures can be discrimi-
nated. In more disruptive acetic orcein squash proto-
cols, the X and Y are sometimes pulled apart and can
be seen to be connected by thread-like structures (of
unknown composition) joining heterochromatic sites
known as “collochores” near or within the nucleolus or-
ganizers (NORs), where the repeated genes for the 18S
and 28S rRNAs are located (Cooper, 1950). We will use
the term “conjunction” to refer to the physical connec-
tions between homologs that are visible in conventional
cytological preparations at late prophase I and meta-
phase I (Meta I) and reserve the term “pairing” for the
intimate association of homologous sequences re-
vealed by the GFP-LacI or other molecular assays.
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peated sequence within the intergenic spacers of the
rRNA genes as a specialized cis-acting X-Y pairing site.
Deletions encompassing the entire X chromosome
NOR disrupt X-Y pairing and cause random X-Y segre-
gation; but transgenes containing either complete
rDNA repeats or just arrays of 240 bp spacer repeats
partially restore X-Y pairing and segregation when in-
serted on the heterochromatically deleted X (McKee,
2004).
The genes responsible for this process are evidently
distinct from those required for recombination, synap-
sis, and “distributive segregation” in female meiosis, as
mutations in a substantial number of those genes have
been found to have no effect on chromosome segrega-
tion in male meiosis (McKee, 2004). Recently, mutations
in a male-specific 2nd chromosome gene, teflon (tef),
that cause nondisjunction of autosomes but not the
X-Y pair were described (Tomkiel et al., 2001). These
mutations cause premature dissociation of homologs,
leading to their random assortment at Ana I. Here we
describe mutations in two 3rd chromosome genes that,
like tef mutants, cause premature dissociation of biva-
lents but affect the X-Y pair as well as the autosomes.
These mutations disrupt two proteins that colocalize on
chromosomes throughout meiosis I until their removal
at Ana I and that are required for stable conjunction of
all chromosome pairs in male meiosis.
Results
Mutations in Two Genes That Cause High
Nondisjunction at Male Meiosis I Disrupt
Conjunction of Homologs
Genetic analysis of seven mutations identified in a
screen for elevated paternal fourth chromosome loss
(Wakimoto et al., 2004) led to the identification of two
genes on chromosome 3 (stromalin in meiosis [snm]
and modifier of mdg4 in meiosis [mnm]). Mutations in
these genes cause elevated frequencies of autosomal
and sex chromosome NDJ but little or no sister chro-
matid NDJ (Tables S1 and S2). To gain insight into the
origin of the NDJ revealed by the genetic data, we uti-
lized immunofluorescence microscopy to analyze mei-
osis in snm and mnm mutants, focusing on two strong
alleles of snm (Z3-0317 and Z3-2138) and the two mnm
alleles (Z3-5578 and Z3-3298), all of which appear to be
genetically null alleles (Tables S1 and S2).
Although chromosome and spindle morphology ap-
peared largely normal in snm and mnm spermatocytes,
meiosis I chromosome segregation was clearly aber-
rant (Figure 1A). Ana I appeared chaotic in mutant sper-
matocytes, with chromosomes distributed unevenly
and asymmetrically along the spindle early in Ana I and
with high frequencies of laggards at late Ana I. Most
(>70%) late Ana I or telophase I cells exhibited polar
chromatin masses of unequal size, indicating high fre-
quencies of meiosis I NDJ (Figures 1A and 1B). By con-
trast, unequal poles were rare at anaphase II or telo-
phase II, and most metaphase II and anaphase II
figures were normal (Figure 1B), confirming the genetic
evidence that NDJ in both groups of mutants is limited
largely to meiosis I.
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mInspection of earlier stages revealed the likely cause
f chaotic meiosis I segregation in snm and mnm mu-
ants: the presence of unpaired chromosomes at PM I
nd Meta I (Figure 1A). In wild-type males, the chromo-
omes condense just prior to PM I to form three large,
ell-separated, DAPI-positive masses arrayed around
he periphery of the nucleus, corresponding to the X-Y
air and the two large autosomal pairs (chromosomes
and 3), and a much smaller mass, corresponding to
he fourth chromosome pair, which is inconsistently vis-
ble at this stage. After nuclear membrane breakdown,
he bivalents congress to form a single mass centrally
ositioned on the Meta I spindle (Cenci et al., 1994). In
nm and mnm spermatocytes, up to eight distinct
lumps were visible at PM I and Meta I. In many Meta
cells, a central mass was completely absent and mul-
iple clumps were distributed along the polar axis. Nu-
lei with greater than eight clumps were never ob-
erved, indicating that the clumps represent bivalents
nd univalents, not single chromatids or chromosome
ragments, consistent with a primary defect in forma-
ion or maintenance of bivalents.
The genetic and cytological data taken together indi-
ate that the primary meiotic defect in both mnm and
nm mutants is a failure to form or maintain bivalents,
eading to high frequencies of univalents at Meta I and
andom assortment of homologs at Ana I.
reMeiotic and Meiotic Homolog Pairing Are Normal
n mnm and snm Mutants
o assess homologous pairing, a chimeric GFP-LacI
rotein was ectopically expressed in males homozy-
ous for an insertion of a tandem array of lacO se-
uences on chromosome arm 2R. Depending on the
ell-cycle stage, either two (G1) or four (G2) copies of
he array are present, and depending upon the pairing
tatus of the chromatids, binding of GFP-LacI to the
acO arrays can yield anywhere from one to four distinct
FP spots. In spermatogonia and young spermato-
ytes, sister chromatids are tightly paired (Vazquez et
l., 2002 and data not shown), so one typically sees
ither one spot or two, depending on whether homo-
ogs are paired or unpaired. In our study, snm and mnm
utant males were compared with wild-type (heterozy-
ous) siblings. Males of all genotypes gave very similar
esults, exhibiting 66%–71% one-spot nuclei in mitoti-
ally dividing spermatogonia and 89%–91% one-spot
uclei in young primary spermatocytes in S phase or
arly meiotic G2/prophase (G1 is virtually nonexistent;
igures 2A and 2B); this is in rough agreement with the
indings of Vazquez et al. (2002) for wild-type males.
hese data indicate that in snm andmnmmutant males
s well as in wild-type controls, homologs are already
aired at high frequencies in premeiotic mitosis and
hat a further enhancement of homolog pairing fre-
uencies accompanies the transition to meiosis. We
onclude that bivalent instability in mnm and snm mu-
ants is not due to failure of premeiotic or meiotic pair-
ng of sister chromatids or homologs and that SNM and
NM must function at a step in the homolog segrega-
ion pathway specific for conjunction of homologs.
In wild-type spermatocytes, pairing of sister and ho-
ologous sequences is lost simultaneously in mid-G2/
SNM and MNM Stabilize Achiasmate Bivalents
557Figure 1. Meiotic Phenotypes of mnm and snm Mutant Males
(A) Representative meiosis I figures from wild-type and snm and mnm homozygotes or hemizygotes. Dissected testes were stained with an
anti-tubulin antibody (green) to visualize spindles and with DAPI to stain DNA (red). Size bar = 5 M.
(B) Quantification of cytological phenotypes. Abnormal cells were defined as follows. PM I: cells with more than three large clumps of
chromatin or with incomplete chromatin condensation; Meta I: cells with more than one chromatin clump; Ana I: cells with unequal poles or
with one or more laggards; Ana II: cells with unequal poles or one or more laggards. # indicates columns with values of 0. An average of 50
cells were analyzed at each stage.prophase I, roughly coincident with the establishment
of chromosome territories, and four distinct spots are
visible throughout the remainder of meiosis I (Figure
2C; Vazquez et al., 2002). Both territory formation and
loss of pairing occurred on schedule in mnm and snm
mutants. However, whereas the separated GFP spots
in wild-type remained confined to a single territorial do-
main throughout late G2, territorial restrictions were re-
laxed in both the snm and mnm spermatocytes, as
reflected in significantly elevated average distances
among allelic GFP-LacI spots in the mutants versus
wild-type (Figures 2C and 2D). These measurements in-
dicate that homologous loci wander farther from one
another in snm andmnmmutants during late G2 than in
wild-type. Moreover, DAPI-stained territories appeared
unusually diffuse and lacking in definition in some,
though not all, late G2 spermatocytes in both snm and
mnm mutants (Figure 2C). This “territory expansion”phenotype is the earliest phenotype we have observed
in mnm and snm mutants.
MNM Is a BTB-Domain Protein Encoded
by the Complex mod(mdg4) Locus
The Z3-3298 and Z3-5578 mutations proved to be al-
lelic to modifier of mdg4 (mod[mdg4]; data to be pub-
lished separately), a complex locus that encodes more
than 30 different proteins by alternative splicing (Dorn
and Krauss, 2003). The proteins share a 402-residue N
terminus containing a BTB domain but have different,
albeit similar, C termini, each encoded by one or two
specific exons in the variable region of the gene (Figure
3A). Most C termini encode a conserved C2H2 motif.
Mutations in mod(mdg4) exhibit a variety of recessive
and dominant phenotypes, including recessive lethality,
disorganized neuromuscular synapses, modification of
gypsy-induced mutations, enhancement of PEV, and
Cell
558Figure 2. Homologous Pairing and Chromosome Territory Organization in snm and mnm Mutants
(A and C) Chromosomal GFP-LacI foci in snmZ3-0317 and mnmZ3-5578 males and in wild-type (Z3/+) siblings homozygous for a single lacO
array on chromosome arm 2R in unfixed early (A) and late (C) G2 spermatocytes. DNA stained with Hoechst 33342 in (C) only. Size bar = 5 M.
(B) Quantification of pairing frequency in spermatogonial and early G2 meiotic nuclei. % paired = % single-spot nuclei. N = number of
nuclei scored.
(D) Comparison of mean (± standard deviation) interspot distance (four measurements per nucleus) for N nuclei from each genotype. Asterisks
represent means found to be significantly different from the wild-type mean using a t test.others, but no meiotic phenotypes have been pre-
viously described (Dorn et al., 1993; Gerasimova et al.,
1995; Gorycza et al., 1999; Buchner et al., 2000).
Mod(mdg4)67.2, the only functionally characterized
isoform, binds along with the zinc-finger protein Su(Hw)
to chromatin insulator elements in the gypsy retro-
transposon and is required for insulator function (Gera-
simova and Corces, 1995). It localizes to hundreds of
sites in polytene chromosomes, most of which are not
within gypsy elements. In diploid cells, these coalesce
into 15–25 perinuclear foci that anchor multiple chro-
matin loops that have been suggested to constitute
functionally independent chromatin domains (Gerasi-
mova et al., 2000). Other Mod(mdg4) isoforms exhibit
different chromosome localization patterns, suggesting
that the variable C termini function to determine chro-
mosome localization (Buchner et al., 2000).
Sequencing of genomic DNA revealed that Z3-5578
and Z3-3298 contain single mutations within 100 base
pairs of each other in the C-terminal coding exon of the
DOOM/Mod(mdg4)56.3/MNM isoform (Figures 3A and
3B; Harvey et al., 1997; Buchner et al., 2000). Both mu-
tations disrupt the C2H2 motif within the partially con-
served C-terminal FLYWCH domain present in most
Mod(mdg4) isoforms (Dorn and Krauss, 2003). Z3-3298
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Thanges the first histidine residue into a tyrosine, and
3-5578 truncates the protein upstream of the motif. A
ransgene expressing only MNM/Mod(mdg4)56.3 was
ound to fully suppress the meiotic phenotypes of both
lleles, indicating that the MNM isoform is solely re-
ponsible for their meiotic effects (Figure 3D).
NM Is an SCC3/SA Cohesin Homolog
nique to Dipterans
ingle base mutations resulting in the other five Z3 al-
eles were identified within CG13916 (Figure 3C). All five
utations are predicted to disrupt the coding sequence
y introducing nonsense or missense codons or by dis-
upting a splice signal. A transgene containing wild-
ype CG13916 genomic sequences suppressed X-Y
DJ in Z3-0317/Z3-2138 males to a frequency below
.5%, confirming that the identified mutations in CG13916/
nm are responsible for the meiotic phenotypes (Fig-
re 3D).
snm is predicted to encode a 973 amino acid protein
ith 27% identity to D. melanogaster Stromalin (SA),
ne of four components (along with SMC1, SMC3, and
AD21) of the mitotic cohesin complex responsible for
ister chromatid cohesion (Valdeolmillos et al., 1998;
oth et al., 1999; Losada et al., 2000; Nasmyth, 2002;
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559Figure 3. Molecular Identification of snm and mnm
(A) Schematic map of the mod(mdg4) locus, modified from Dorn et al. (2001). Rectangles represent exons; diagonal lines represent splice
sites. The gray rectangles represent the C-terminal exons of Mod(mdg4)56.3/MNM.
(B) MNM isoform of mod(mdg4), based on a composite cDNA isolated from y w testis RNA by RT-PCR and RACE-PCR. It consists of the four
common exons (black) fused to the 56.3/MNM exons (gray). 5# and 3# UTRs are unfilled rectangles. The predicted protein sequence is
identical to those reported in Harvey et al. (1997) and Buchner et al. (2000).
(C) Schematic diagram of snm and SA genes. The positions of the exons (boxes) and introns (breaks) of snm were deduced by comparing
the sequences of two full-length testis cDNAs with the corresponding genomic DNA. 5# and 3# UTRs and coding sequences are indicated by
empty and filled boxes, respectively. The exon-intron structure of SA is from BDGP. Light dashed lines represent conserved intron boundaries
between the two genes.
(D) Rescue of X-Y NDJ phenotypes of mnm and snm mutants by transgenic insertions (T) of [hs::MNM-GFP] on chromosome 2 or 3 or of
[SNMG] at the indicated loci on chromosome 2. %NDJ is the % of progeny derived from XY and nullo-XY sperm. Details of the cloning,
transgenic, and assay procedures are in Supplemental Experimental Procedures. Column labeled hs reports number of heat shocks given to
developing [hs::MNM-GFP] males.
(E) Phylogenetic analysis of SCC3/STAG family members. The tree shown is the consensus topology determined from 980 best trees (i.e.,
those with the highest posterior probabilities) inferred by Bayesian analysis using a protein alignment comprising 701 amino acid sites.
Branches with the best support—i.e., those with 0.94 to 1.00 Bayesian posterior probabilities—are shown with thicker lines. The scale bar
represents 0.1 amino acid substitutions per site. Functionally described genes and clearly orthologous gene families are designated with
their respective gene names. Meiosis-specific genes are shown in red.Vass et al., 2003). To determine the evolutionary rela-
tionships among SNM, SA, and other SCC3/STAG fam-
ily proteins, we conducted a phylogenetic analysis of
SCC3/SA family protein sequences (Figure 3E), includ-
ing two previously described meiosis-specific SCC3
proteins: REC11 of S. pombe and STAG3 of mice and
humans (Prieto et al., 2001; Kitajima et al., 2003). Thephylogenetic analysis revealed that the three meiotic
SCC3/SA family members (SNM, REC11, and STAG3)
are more closely related to their respective mitotic par-
alogs (SA, PSC3, and STAG1/STAG2) than to each
other, indicative of independent evolutionary origins for
the meiotic SCC3/STAG proteins.
Two additional observations support the hypothesis
Cell
560of an independent origin for snm. First, only one SCC3
family member is present in the completed Anopheles
genome. Since Anopheles, like Drosophila, belongs to
the order Diptera, this observation suggests that snm
arose via a duplication event within the Dipteran lin-
eage after the divergence of Anopheles. Second, three
of the five snm introns are located at matching sites in
the Drosophila snm and SA genes, consistent with the
notion that the two genes arose by a relatively recent
duplication event (Figure 3C).
MNM and SNM Localize to Meiotic Chromosomes
until Anaphase I
Nucleolar Staining at G2
To assess the localization of MNM, we made use of the
C-terminal EGFP tag on the [hs::MNM-GFP] transgene,
which fully rescues the mnm meiotic phenotypes (Fig-
ure 3D). Testes of both heat-shocked and non-heat-
shocked [hs::MNM-GFP] males exhibited MNM-GFP
fluorescence (more intensely in heat-shocked males)
mainly in primary spermatocytes. Unexpectedly, the
most prominent site of localization during G2 was the
nucleolus. MNM-GFP fluorescence first appeared in
very young primary spermatocytes, developed into a
prominent, approximately round cluster of foci by early-
mid G2, which persisted until the G2-M transition when
the nucleolus dissociates (Figures 4A, and 5A). Two an-
tibodies against SNM gave very similar staining pat-
terns, co-localizing with MNM-GFP almost perfectly
throughout G2 (Figure 4A). The staining was shown to
be nucleolar, based on rough co-localization with the
nucleolar protein fibrillarin (Figure 4B) (Ochs et al.,
1985). Most of the MNM-GFP foci did not directly over-
lap fibrillarin foci, however (Figure 4B), suggesting that
the two proteins are functionally unrelated despite co-
habiting the nucleolus. Nucleolar staining was com-
pletely absent in all four strong snmmutants, indicating
that the antibody staining is specific for the SNM pro-
tein (Figure 6A and not shown).
A Prominent SNM-MNM Focus on the X-Y Bivalent
Following chromosome condensation, the loose cluster
of nucleolar MNM-GFP foci was replaced by a single
dense spot of MNM-GFP staining approximately 1 M
in diameter, associated with one of the three major bi-
valents at PM I (Figures 4A and 5A). Identical staining
patterns were seen with an antibody against the com-
mon region of Mod(mdg4) (anti-ModC; Figure 4C) and
with both antibodies against SNM, the antibody signals
completely overlapping the MNM-GFP fluorescence in
wild-type spermatocytes (Figure 4A). Although the anti-
ModC antibody should react with all Mod(mdg4) iso-
forms, no nuclear signals are present in PM I or Meta I
spermatocytes in males lacking the MNM isoform, indi-
cating that MNM is the only Mod(mdg4) isoform pres-
ent in mature meiosis I nuclei (data not shown). The
anti-SNM and anti-Mod(mdg4) staining patterns were
completely ablated by strong snm and mnm mutations,
respectively (Figure 6B and data not shown). The prom-
inent chromosomal SNM-MNM focus persisted through
Meta I but disappeared at Ana I (Figure 4A).
To determine which bivalent exhibits the strong SNM-
MNM signals, we hybridized spermatocytes from wild-
type males with a fluorescently labeled FISH probe spe-
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Sific for the X and Y chromosomes and stained the
permatocytes simultaneously with antibodies against
ither SNM or MNM and for DNA. The target of the FISH
robe was a 240 bp repeat (240 Rpt) located in the in-
ergenic spacers of the rRNA genes that has been
hown genetically to function as an X-Y pairing site
McKee, 2004). As expected, the 240 Rpt probe hybrid-
zed to multiple nucleolar foci during G2 and to a re-
tricted region of the condensed X-Y bivalent at PM I.
mportantly, it colocalized strongly with both SNM and
NM at PM I, demonstrating that the prominent SNM-
NM signal is associated with the X-Y bivalent (Figures
C and 4D).
utosomal Staining
NM-GFP foci were also observed within autosomal
hromatin in [hs::MNM-GFP] males throughout G2 and
uring PM I (Figure 5A). Autosomal MNM-GFP foci were
maller and fainter than nucleolar foci but nevertheless
asily discernible above background. In early and
idG2 nuclei, the major autosomes often exhibited
ultiple small foci distributed throughout the territory;
uclei with fewer, larger foci could be seen as well,
ore commonly in late G2 and PM I. Often these larger
oci were present in pairs and located in roughly sym-
etrical positions within the bivalent, sometimes
losely apposed to one another. The fourth chromo-
ome, which is relatively condensed throughout sper-
atogenesis, nearly always exhibited this two-spot
attern. Like the X-Y dense spot, the autosomal foci
ere absent at Ana I and all subsequent stages of mei-
sis (data not shown).
We have not succeeded thus far in obtaining consis-
ent autosomal labeling with either anti-SNM antibody,
hich is surprising in light of the striking similarities be-
ween SNM and MNM with respect to meiotic pheno-
ypes and localization patterns. However, the robust
nti-ModC common region antibody also fails to detect
utosomal foci at PM I, suggesting that accessibility of
ntibodies to autosomal foci of SNM and MNM is a gen-
ral problem. For this and another reason discussed be-
ow, we think the absence of autosomal staining by anti-
NM antibodies is a technical artifact and not reflective
f the true localization pattern of SNM.
NM and MNM Depend on Each Other
nd on TEFLON for Chromosome Localization
n light of the robust colocalization of SNM and MNM
n the sex chromosomes and the virtually identical
eiotic phenotypes of snm andmnmmutants, we won-
ered whether localization of one of the proteins would
epend upon presence of the other. To test for depen-
ence of MNM localization on presence of SNM, we
onitored the GFP fluorescence pattern in snm males
xpressing MNM-GFP (Figure 5B). No fluorescence
as observed in spermatocytes at any stage in snm
utant males, although sibling snm/+ control flies ex-
ibited prominent staining of the nucleolus and the
hromosomes (Figure 5A). Native MNM protein (de-
ected by anti-ModC) also fails to localize to condensed
eiotic chromosomes in snm mutants (data not shown).
o test for dependence of SNM localization on MNM,
e stained spermatocytes from mnm males with anti-
NM antibodies. SNM protein was present in the nucle-
SNM and MNM Stabilize Achiasmate Bivalents
561Figure 4. Colocalization of MNM, SNM, and 240 bp rDNA IGS Repeats in Primary Spermatocyte Nuclei
(A) Colocalization of MNM-GFP and SNM in primary spermatocyte nuclei from wild-type [hs::MNM-GFP] males. Fixed spermatocytes were
stained with anti-GFP, anti-SNM, and DAPI. Upper panel shows a field of four early G2 nuclei; second and third panels show a single nucleus
with four separated chromosome pairs; fourth panel shows a single Meta I cell with fully congressed chromosomes; bottom panel shows one
Ana I cell with separated daughter nuclei. Size bar = 5 M.
(B) A fixed mid-G2 spermatocyte from wild-type [hs::MNM-GFP] males stained with anti-GFP (green), anti-fibrillarin (red), and DAPI (DNA,
blue). Size bar = 5 M.
(C and D) Wild-type spermatocytes in late G2 or PM I hybridized with a FISH probe complementary to the 240 bp repeats in the rDNA
intergenic spacers (240 Rpt, green) and stained with an antibody against MNM (C) or SNM (D) (red) and with DAPI (blue). Each panel shows
a single nucleus. Size bar = 5 M.olus during G2 in mnm mutants, indicating that local-
ization of SNM to the nucleolus is independent of MNM
(Figure 6A). However, staining of the X-Y bivalent at PM
I and Meta I with anti-SNM was completely absent in
mnm spermatocytes (Figure 6B), indicating that SNM
cannot maintain its association with the X and Y chro-
mosomes after the nucleolus dissolves and the chro-
mosomes begin condensing at the G2-M transition.
Taken together, these data indicate that with respect to
nucleolar localization, SNM is independent of MNM but
MNM depends upon SNM, whereas with respect to lo-
calization to the X-Y bivalent, the two proteins are co-
dependent.
An additional implication of these data is that SNM
must associate with autosomal pairing sites, at least
long enough to recruit MNM, supporting the argumentthat the failure to detect SNM on autosomes thus far
is a technical artifact. While in principle its autosomal
association could be transient, functioning only to re-
cruit MNM, the strong codependence of the two pro-
teins on the X-Y bivalent argues against such a tran-
sient association, instead favoring their continuous
colocalization until Ana I.
Mutations in teflon cause phenotypes very similar to
those of snm and mnm mutations, except that the X-Y
bivalent remains intact and segregates normally in tef
males (Tomkiel et al., 2001). To determine whether tef
mutations affect localization of MNM and/or SNM, we
assessed the pattern of GFP fluorescence in tef males
carrying [hs::MNM-GFP] and also stained spermato-
cytes from tef males with anti-SNM. Nucleolar foci of
MNM-GFP were present during G2, albeit at somewhat
Cell
562Figure 5. Localization of MNM-GFP to Autosomes in Primary Spermatocyte Nuclei from [hs::MNM-GFP] Males
(A) Unfixed spermatocytes from wild-type males stained with Hoechst 33342 and imaged for MNM-GFP fluorescence (upper panels: GFP
only; lower panels: merge of GFP and Hoechst 33342). Each panel shows one nucleus. Paired MNM-GFP foci (arrows, far-right panels) are
embedded within condensed autosomal bivalents at PM I. Size bar = 5 M.
(B) Unfixed spermatocytes from snm or tef males expressing MNM-GFP. Note: All panels in both (A) and (B) are overexposed relative to the
nucleolar or X-Y signals to bring out the fainter autosomal signals. Size bar = 5 M.lower intensity than in wild-type, and the X-Y bivalent
stained normally with both SNM and MNM at PM I (Fig-
ures 5B and 6B). However, tef spermatocytes exhibited
no detectable MNM-GFP fluorescence associated with
the autosomes at any stage, whereas their tef/+ broth-
e
a
t
b
Srs exhibited clear autosomal GFP foci throughout G2
nd at PM I (Figure 5B). This suggests that the disrup-
ion of autosomal bivalents in tef spermatocytes may
e due to the failure to recruit MNM (and, perhaps,
NM) to autosomal pairing sites. It also suggests that
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563Figure 6. Effects of snm, mnm, and tef Mutations on Localization of SNM in Primary Spermatocytes
(A and B) Spermatocytes were stained with anti-SNM (red) and DAPI (blue); upper panels with anti-SNM only. Panels in (A) show two nuclei
each; panels in (B) show one nucleus each. Size bar = 5 M.MNM may be recruited to the autosomes and sex chro-
mosomes by different mechanisms.
Is SNM a Member of a Specialized Meiotic “Homolog
Cohesin” Complex?
The homology of SNM to cohesins suggested the pos-
sibility that SNM belongs to a meiotic cohesin complex
with a specialized role in homolog conjunction. This hy-
pothesis predicts that SNM and MNM should colocalize
with other cohesins. To test this idea, we raised an anti-
body against the Drosophila SMC1 protein that detects
a single 150 kDa band on Western blots (corresponding
well with the expected size of SMC1; Figure 7A). In pro-
phase I oocyte nuclei, it labels linear arrays, colocaliz-
ing with C(3)G, an SC component (Figure 7B; Page and
Hawley, 2001), which is consistent with numerous re-
ports that cohesins are components of the axes of syn-
apsed chromosomes (Petronczki et al., 2003). Thesedata indicate that the antibody is specific for the SMC1
subunit of cohesin.
In spermatogonia and early G2 spermatocytes from
wild-type males expressing a GFP-tagged version of
the centromere-specific CID protein (Ahmad and Heni-
koff, 2001), most anti-SMC1 staining was concentrated
in one region of the nucleus and colocalized with the
DAPI-bright spot representing the condensed hetero-
chromatin (Figure 7C). Interestingly, CID-GFP spots did
not overlap SMC1 spots but were instead immediately
adjacent to them, indicating that the bulk of SMC1 is
on pericentromeric heterochromatin rather than the cen-
tromeres themselves. In addition, we detected no SMC1
signal in the nucleolus in spermatocytes of any stage.
To determine if SMC1 localizes to the X-Y pairing
structure during PM I, spermatocytes expressing MNM-
GFP were labeled with ant-iSMC1 and anti-GFP. Al-
though both antibodies labeled the X-Y bivalent in all
Cell
564Figure 7. SMC1 Expression and Localization in Embryos, Oocytes, and Spermatocytes
(A) Immunoblot of Drosophila embryo proteins using anti-SMC1.
(B) Oocyte from region 3 of a wild-type germarium labeled with anti-SMC1 (red) and anti-C(3)G (green), showing colocalization of SMC1 with
C(3)G on synaptonemal complexes. Size bar = 5 M.
(C) An early G2 spermatocyte from a male expressing CID-GFP labeled with antibodies to SMC1 (red) and GFP (green) and stained with DAPI
(blue). During early G2, SMC1 colocalizes with DAPI-bright heterochromatin, adjacent to the CID-positive centromeres.
(D) A prometaphase I spermatocyte from a male expressing MNM-GFP labeled with anti-SMC1 (red), anti-GFP (green), and DAPI (blue). SMC1
and MNM-GFP domains on the X-Y bivalent (left) are adjacent but not overlapping. Size bar = 5 M.PM I nuclei, little or no overlap of their signals was de-
tected (Figure 7D). The MNM and SMC1 domains often
appeared to be immediately adjacent to one another,
consistent with localization of SNM and MNM to the
rDNA and SMC1 to pericentromeric X heterochromatin.
While these images cannot establish that SMC1 is com-
pletely absent within the MNM domain, they argue
strongly against the idea that the strong SNM and MNM
signals on the X-Y bivalent represent a complex that
contains comparable amounts of SMC1, as would be
expected for a cohesin complex.
Discussion
Two Novel Proteins Required for Conjunction
and Segregation of Achiasmate Homologs
The mechanisms underlying pairing and segregation of
achiasmate homologs in male Drosophila have eluded
geneticists for nearly a century largely because, until
recently, no genes required for this pathway had been
identified. Numerous candidate genes involved in ho-
mology-dependent pathways such as DNA repair,
meiotic recombination, synapsis, and even distributive
disjunction (a female meiosis-specific pathway for seg-
regating achiasmate bivalents) have proven dispens-
able for homolog segregation in male meiosis, high-
lighting the uniqueness of this pathway (McKee, 2004).
However, a screen of the Zuker collection of EMS-
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sutagenized 2nd and 3rd chromosomes (Koundakjian et
l., 2004) for mutations that cause elevated frequencies
f paternal chromosome 4 loss (Wakimoto et al., 2004)
as led to the identification of three genes specifically
equired for homolog segregation in male meiosis. tef-
on is required for the segregation of autosomes but
ispensable for X-Y segregation (Tomkiel et al., 2001),
hereas the two genes described in this report, snm
nd mnm, have similar but more global roles, being re-
uired for proper segregation of all four pairs of homo-
ogs. The primary phenotype of mutations in both
enes is a high frequency of univalents at PM I and
eta I, leading to virtually random assortment of ho-
ologs.
Direct Role for SNM and MNM in Restraining
chiasmate Bivalents?
he meiotic phenotypes of snm andmnmmutants indi-
ate a critical role for SNM and MNM in establishing or
aintaining interhomolog bonds but do not discrimi-
ate between direct versus indirect, i.e., regulatory,
oles. A role in regulating expression of other meiotic
enes seems plausible a priori for MNM since other
od(mdg4) mutations display a broad range of regula-
ory phenotypes including modifying gypsy-induced
utations, enhancing PEV, misregulating homeotic
enes, and disrupting morphology of neuromuscular
ynapses (Gerasimova, 1995; Gorczyca et al., 1999;
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ization patterns of SNM and MNM do not support an
indirect role in homolog conjunction. Both SNM and
MNM localize most prominently to the nucleolus during
G2, where a role in promoting expression of other mei-
otic genes seems unlikely. They remain associated with
condensed meiotic chromosomes, although such chro-
mosomes have been shown to be transcriptionally in-
active (Gould-Somero and Holland, 1974). Even more
telling, both the X-Y spot and the autosomal foci disap-
pear at the Meta I-Ana I transition, arguing strongly for
direct roles of SNM and MNM in conjoining achias-
mate bivalents.
Chromosomal Localization of MNM and SNM
Previous results have established an important role for
cis-acting “pairing sites” in segregation of achiasmate
homologs, especially for the X-Y pair (McKee, 2004).
Proteins that function directly in conjoining homologs
might be expected to localize to those sites. Indeed,
we found that the prominent SNM and MNM foci on the
X-Y bivalent at PM I completely overlap the FISH signal
from the 240 bp IGS repeats, which are the main X-Y
pairing sites (McKee, 2004). Moreover, G2 nucleoli ex-
hibited strong, albeit imperfect colocalization of SNM
and MNM with the 240 bp repeat signal. This observa-
tion strongly indicates that SNM and MNM localize to
the nucleolus to bind to the X-Y pairing sites.
Our data suggest that MNM and SNM may localize
to the autosomes by a different mechanism than to the
X-Y pair. In tef males, MNM-GFP accumulates to rea-
sonably normal levels in the nucleolus during G2 and
on the X-Y bivalent during PM I, but we saw no hint of
an autosomal MNM-GFP focus at any stage. Thus TEF
is required for autosomal recruitment or stabilization of
MNM (and perhaps SNM) but not for their recruitment
to the X-Y pair. The basis for this difference is unknown.
One possibility is that SNM or MNM recognizes and
binds to a sequence within the 240 bp repeat DNA or
RNA that is not present on autosomes. An alternative
is that a nucleolar protein different from TEF is respon-
sible for recruiting SNM and MNM to the sex chromo-
somes.
The molecular basis for chromosomal localization of
SNM and MNM is unknown. The fact that SNM is re-
quired for stable nucleolar and chromosome localiza-
tion of MNM during G2, but not vice versa, might sug-
gest a primary role of SNM in localizing to pairing sites.
However, it is unclear whether SNM can actually asso-
ciate with pairing sites on its own, as opposed to local-
izing in their vicinity. MNM provides some function
essential for stable localization following condensation,
a function dependent upon integrity of the zinc-finger-
like C2H2 motif at its C terminus. It will be important to
ascertain what this motif interacts with.
How Are Homologs Connected by SNM and MNM?
The identification of SNM and MNM sets the stage for
the molecular characterization of the interhomolog
bonds they mediate. We considered one model in this
study: that homologs are connected by a meiosis-spe-
cific cohesin complex involving the SCC3/SA homolog
SNM and its partner, MNM. A new antibody against thecohesin protein SMC1 gave robust staining of the het-
erochromatic domains of meiosis I chromosomes.
However, SMC1 staining did not colocalize to a signifi-
cant degree with MNM within the nucleolus or on the
X-Y bivalent, whereas SNM and MNM colocalize at
those sites almost perfectly. While we cannot rule out
the presence of subthreshold amounts of SMC1 within
the SNM-MNM domain on the X-Y bivalent, our data
argue against the idea that most of the SNM and MNM
proteins on the X-Y bivalent are components of a
cohesin complex involving equimolar ratios of cohesin
proteins.
An alternative is that SNM and MNM connect homo-
logs directly, perhaps utilizing the BTB domain of MNM.
BTB domains are potent dimerization/multimerization
domains found in many transcriptional regulatory pro-
teins (Igarashi et al., 1998; Katsani et al., 1999). Interac-
tions among Mod(mdg4) proteins through these do-
mains is thought to underlie the formation of coalesced
“insulator bodies” in somatic nuclei (Gerasimova et al.,
2000). We speculate that interactions of this type
among multiple SNM-MNM complexes attached to al-
lelic chromosomal sites might provide a cohesive force
sufficient to prevent dissociation of achiasmate homo-
logs. This model is broadly consistent with our cytologi-
cal observations. MNM localizes during early G2 to
multiple dispersed nucleolar and chromosomal foci,
but to only one or two larger foci per PM I bivalent. We
speculate that this change reflects coalescence of the
foci during the G2-M transition, driven by the self-asso-
ciative potential of the BTB domains of MNM.
Do SNM and MNM Initiate Homolog Conjunction,
Maintain It, or Both?
The presence of SNM and MNM on chromosomes until
the programmed breakdown of bivalents at the Meta I-
Ana I transition implies that they are required at least
for the maintenance of homolog conjunction. SNM and
MNM might also participate directly in initiating con-
junction as they are present on meiotic chromosomes
by the earliest stages of meiotic prophase. However,
we do not know when conjunction is initiated or, except
for the X-Y pair, where the conjunction sites on chromo-
somes are located. The fact that individual euchromatic
loci are unpaired while still constrained to a chromo-
some territory in wild-type stimulated Vazquez et al.
(2002) to suggest that conjunction occurs only at dis-
crete heterochromatic domains. Our data neither sup-
port nor refute this model but add a concrete predic-
tion, i.e., that heterochromatic conjunction during late
G2 (which might be detectable by FISH or by the GFP-
LacI method) should be disrupted by snm and mnm
mutations.
Our results also suggest an alternative model: that
true conjunction does not occur at all until the onset of
chromosome condensation and that instead the homo-
logs are maintained in proximity of one another during
late prophase by transient homologous interactions at
MNM-SNM foci distributed throughout the euchromatin
(and perhaps the heterochromatin as well). This would
be consistent with our findings that homologous loci
wander farther from each other and that DAPI-stained
territories are broader and more diffuse in snm and
Cell
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foci within each homologous territory at the G2-M tran-
sition would then underlie the conjunction of wild-type
homologs.
SNM and the Origin of Dipteran Achiasmy
Our data indicate that SNM originated from an SA-like
homolog but lost its ancestral function in cohesion and
evolved a novel function in stabilizing achiasmate biva-
lents not involving other cohesins. The absence of an
SNM ortholog in the genome of the Dipteran Anopheles
giambiae suggests that SNM originated within the Dip-
teran lineage, although additional insect sequences will
be needed to verify this hypothesis. It will be of con-
siderable interest to date the SA-SNM split as accu-
rately as possible. Anopheles belongs to the Nemato-
cera, the “lower” Dipteran suborder; some members of
this suborder, including mosquitoes such as Aedes
aegypti, exhibit unmistakable evidence for chiasmate
meiosis in both sexes, including well-developed SC in
primary spermatocytes (Wandall and Svendsen, 1985).
However, males of Drosophila species, which belong
to the “higher” Dipteran suborder Brachycera, are all
achiasmate and lack SC (Gethmann, 1988; Wolf, 1994).
The duplication that gave rise to snm could have
played a major role in the evolution of achiasmy within
the Diptera by permitting development of a mechanism
for creating stable bonds between achiasmate ho-
mologs.
Experimental Procedures
Fly Stocks and Special Chromosomes
The snm andmnmmutations are from the Zuker-3 (Z3) collection of
>6000 EMS-mutagenized third chromosomes (Koundakjian et al.,
2004). The Z3 lines used in this study were identified in a screen
for paternal 4th chromosome loss (Wakimoto et al., 2004) and were
kindly provided by B. Wakimoto. [CID-GFP] and tef Z2-4169 stocks
were supplied by S. Henikoff and J. Tomkiel. The [GFP-Lac I] and
[lacO] stocks were provided by J. Vazquez. Special chromosomes
and markers are described in Flybase.
Antibodies
Affinity-purified rabbit polyclonal antibodies were prepared against
C-terminal SNM (DIAHLKEYRNALRPRKTKSYPQAT(C)) and SMC1
(MTEEDDDVAQRVATAPVRK(C) peptides by Covance and against
an N-terminal SNM peptide (MSDISFDDAVLNDSQAS(C)) by Alpha
Diagnostic International using standard techniques.
Testis Immunostaining
For anti-α-tubulin/DAPI experiments, testes were fixed according
to Cenci et al. (1994) and stained according to protocol 5.6 (Bonac-
corsi et al., 2000). FITC-conjugated monoclonal anti-α-tubulin
(Sigma) was diluted 1:150. For immunolocalization experiments
with SNM, testes were fixed according to Gunsalus et al. (1995)
and stained according to Hime et al. (1996) with modifications. The
following primary and secondary antibody combinations were
used: undiluted anti-SNM N terminus antibody or anti-SNM C ter-
minus antibody diluted 1:250 detected with Alexa Fluor 647 goat
anti-rabbit IgG (H+L), mouse anti-GFP (Molecular Probes) diluted
1:500 and detected with Alexa Fluor 488 donkey anti-mouse IgG
(H+L), rabbit anti-GFP diluted 1:500 and detected with FITC goat
anti-rabbit IgG (H+L), FITC-conjugated monoclonal anti-α tubulin
diluted 1:150, and undiluted anti-fibrillarin (kindly provided by M.
Fuller) detected by rhodoamine goat anti-mouse IgG (H+L). For the
SMC1 antibody experiments, testes were fixed according to Gun-
salus et al. (1995) and stained according to protocol 5.6 (Bonac-
corsi et al., 2000). Anti-SMC1 was diluted 1:250, and anti-GFP (Mo-
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tecular Probes) was diluted 1:500; they were detected by Alexa
lour 647 goat anti-rabbit IgG (H+L) and Alexa Fluor 488 donkey
nti-mouse IgG (H+L), respectively.
ISH/Immunolocalization Experiments
he 240 bp repeat FISH probe was prepared by PCR amplifying a
× 240 repeat array in pBluescript and labeling using Fluorescein-
igh Prime (Roche). FISH was carried out by the procedure of Bal-
cky et al. (2002) with a probe concentration of 10 ng/L. Just prior
o counterstaining, immunolocalization was performed using the
rotocol for the SMC1 antibody as described above without the
ixation step. Anti-N-terminal SNM was diluted 1:1 and anti-ModC
as diluted 1:4000 in PBS. Both antibodies were visualized using
lexa Flour 546 goat anti-rabbit IgG (H+L) diluted 1:500.
FP Detection in Unfixed Spermatocytes
estes were dissected from third instar larvae, pupae, or young
dults in testes buffer (183 mM KCl, 47 mM NaCl, 10 mM Tris-HCl,
mM EDTA, 1 mM PMSF) and gently squashed in testes buffer
ontaining 2 g/ml Hoechst 33342. For GFP-LacI/lacO experi-
ents, distances between GFP foci on the same focal plane and
uclei were measured using Metamorph.
vary Immunostaining
varies were dissected, fixed, and stained according to Page and
awley (2001). Anti-C(3)G (kindly provided by R.S. Hawley) was di-
uted 1:200 and was detected using Alexa Flour 488 donkey anti-
ouse IgG (H+L) diluted 1:1000. Anti-SMC1 was diluted to 1:1000
nd was detected with Alexa Flour 647 goat anti-rabbit IgG (H+L)
iluted 1:1000.
icroscopy
ll testis and ovary preparations were examined with an Axioplan
ZEISS) microscope equipped with an HBO 100-W mercury lamp
or epifluorescence and with a scientific-grade, cooled, charge-
oupled device (CCD; Roper). Grayscale digital images were col-
ected, pseudocolored, and merged using Metamorph Software
Universal Imaging Corporation).
mmunoblot Analysis
rotein extracts were prepared from 0–22 hr y w embryos using Tri
eagent (Sigma), and 15 g of protein was loaded onto a 12.5%
crylamide gel and resolved by SDS-polyacrylamide gel electro-
horesis. The blot was incubated with anti-SMC1 diluted 1:100, fol-
owed by incubation with HRP-conjugated goat anti-rabbit at a
ilution of 1:2000. Bound antibody was visualized using the Super-
ignal West Pico Chemiluminescent Substrate system (Pierce).
hylogenetic Analyses
rotein sequences of SCC3/STAG homologs representing animals,
ungi, and plants were mined from the NCBI protein databases in
uly 2004 with BLASTP (Altschul et al., 1997). The Anopheles giam-
iae genome sequence was searched using TBLASTN (Holt et al.,
002). Protein sequences were initially aligned using CLUSTALX
.81 (Thompson et al., 1997) and then edited manually using MAC-
LADE 4.03 (Maddison and Maddison, 2003). Only unambiguously
ligned sites were used for phylogenetic analyses (i.e., alignment
aps and regions flanking gaps were excluded); a resulting align-
ent containing 36 sequences and 701 amino-acid sites was ana-
yzed using Bayesian likelihood methods. Bayesian analysis was
erformed using MR BAYES 3.0 (Huelsenbeck and Ronquist, 2001)
ith a WAG substitution model and eight γ-distributed plus one
nvariable rate heterogeneity categories; four Markov chains were
sed (one heated and three cold), and the analysis was run for one
illion generations with trees sampled every 1,000 generations.
rom a plot of likelihood scores versus generation, the point of
nflection was determined and only trees from that point on with
he best posterior probabilities were retained for construction of
he consensus tree (Figure 3E). Very similar results (differing only
t unsupported branches) were obtained using likelihood distance
ethods with TREEPUZZLE 5.0 (Strimmer and von Haesler, 1996
nd data not shown). Alignments are available upon request from
he authors.
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Supplemental Data include two tables, Results, and Experimental
Procedures and can be found with this article online at http://
www.cell.com/cgi/content/full/123/4/555/DC1/.
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